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Image processingFluorescence microscopy has become a powerful and standard complementary technique in the study of
amphiphilic ﬁlms at the air–water interface. For nearly three decades the coupling of traditional
thermodynamic measurements with direct visualization has provided a better understanding of self-
assembled Langmuir monolayers and their application in the study of the physical properties of membranes
and interfaces. As an introduction we provide a brief overview of this established technique and demonstrate
its continued utility in the recent observation of novel phase behavior in monolayers of 25-
hydroxycholesterol (25-OH) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). We then focus our
review on new analysis techniques which take advantage of the ability to store, process, and analyze large
sets of images. We pay particular attention to efforts measuring the line tension between coexisting two
dimensional ﬂuid phases in the Langmuir monolayer. Using non-perturbative methods, we can measure
fundamental mechanical properties of these two dimensional systems. Finally, we highlight the use of Model
Convolution Microscopy as a new tool to provide insight on the experimental limits in these studies.olis, MN 55454, USA.
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monolayers as model systems have complemented traditional thermo-
dynamic measurements with ﬂuorescence microscopy [1]. One of the
most powerful uses of this tool has been to identify phase transitions
and map out phase diagrams for single and multi-component systems
by correlating visual observations of the monolayer with quantitativereadings from surface pressure or surface potential sensors. However,
researchers have also sought to extract additional information from
monolayer images through image processing techniques and direct
spatialmeasurements in the images themselves. Thisworkhas enriched
our understanding of phase transitions in two dimensions and
membrane biophysics. We believe that the increasing availability of
data storage, computing power, and image processing routines will
stimulate the development of new tools to capitalize on these
visualizations for an even greater physical understanding.
The direct visualization provided by ﬂuorescence microscopy
has revealed a rich behavior of pattern formation and varied
Fig. 1. Solid–liquid existence in DPPC monolayers. A) A striking asymmetry is observed
in the condensed phase of a DPPC monolayer. This feature is ultimately the result of the
chiral nature of DPPC itself, but had not been previously identiﬁed. Texas Red DPPE was
added at 0.5 mol% to provide the contrast. B) The pressure-area isotherm indicating a
transition between liquid-expanded and condensed phases. Scale bar is 50μm.
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scientists, physical chemists, cell biologists, and biophysicists have
formed a strong foundation for our current understanding of
Langmuir ﬁlms through measurements of phase diagrams [2,3],
diffusion rates [1,4–6], Brownian motion and surface rheology [7–
10], molecular orientation and chirality [11,12], and critical behavior
[13–15] through this experimental setup. The rapidly increasing reach
of this technique motivates many researchers previously unfamiliar
with these tools to now interpret the relevant experiments of others
from this perspective. Here, we provide a brief review on ﬂuorescence
microscopy as a technique to characterize Langmuir monolayers as
well as highlight some of the important long standing contributions of
the technique. Readers already familiar with the basic principles and
experimental techniques may wish to skip this section of the
manuscript; others may wish to read several expert reviews on the
subject [16–19], as well as more contemporary overviews of related
topics [2,20,21]. The review by Kaganer et al. will serve as an excellent
starting point to the ﬁeld for the novice reader [21].
In the remainder of the manuscript, we review our own work and
that of others to measure the line tension between coexisting phases
in phospholipid/cholesterol systems. This work is inspired by the
need to better understand the formation and properties of lateral
inhomogeneities within model lipid membranes. We also discuss the
use of image simulation orModel Convolution Microscopy to assess the
quality and effectiveness of image processing routines and potential
sources of error. Finally, we provide an overview of recent work
combining the direct visualization of Langmuir monolayers with the
extraction of quantitative data through software. The cumulative
effect of these advances offers a response to the once lamented lack of
quantitative analysis in spite of rich examples of pattern forma-
tion and domain morphologies [22]. We believe that techniques
highlighted here will enable researchers to shed light on remaining
questions relevant to both studies of fundamental two dimensional
phenomena as well as speciﬁc to biological interfaces. Many of these
questions revolve around the thermodynamic behavior of multi-
component Langmuir monolayers. For example, are domains within
cholesterol/phospholipid monolayers truly a two-phase system [23]?
As recently noted by Andelman and Rosensweig, it is often difﬁcult to
assess if the domains observed within Langmuir monolayers are the
result of a kinetically trapped system or equilibrium behavior [24]. A
related question is what factors determine domain morphology in
multi-component monolayers. For example, our own preliminarily
observations indicate that the rate of monolayer expansion can
strongly inﬂuence the size distribution of coexisting liquid phases
within cholesterol/phospholipid monolayers.
1. Introduction
An early and illustrative example of the power of ﬂuorescence
microscopy came from the direct observation of Langmuir monolayers
of dipalmitoylphosphatidylcholine (DPPC), the major component of
lung surfactant. By itself, the plateau of DPPC's pressure-area isotherm
near 7 mN/m demonstrates the existence of a transition between
liquid-expanded and condensed phases. However, in monolayers the
exact order of phase transitions like this, the role of impurities, and
experimental techniques proved to be debatable [16,25–27]. Resolu-
tion ultimately came through imaging the monolayer directly before,
during, and after the liquid-expanded to condensed transition
[6,11,28], see Fig. 1. In addition to observing the formation of a
condensed phase, ﬂuorescence microscopy also revealed a striking
asymmetry to the shape of the domains and suggested long range
order within the condensed phase [11,29]. This was ultimately
explained by the chiral nature of the DPPCmolecule [11]. Additionally,
the inﬂuence of repulsive forces was made evident as the domains
avoided contact [30], and the Brownian motion of condensed phase
domains was used to verify theoretical descriptions of ﬂuid dynamics[10]. Expanding on these studies, the addition of cholesterol to the
monolayers was observed to decrease the line tension and stabilize
the interface between the condensed and liquid-expanded phase [31].
Recently we enjoyed a similar example of the utility of these
combined experimental tools in the system of DPPC and 25-hydro-
xycholesterol (25-OH). A small but detectable kink in the pressure-area
isothermwas observed to correlate well with a liquid–liquid miscibility
transition [32]. A puzzling but long standing question for lipid
monolayer researchers is the failure to observe similar deﬂections in
the pressure-area isotherms corresponding to miscibility phase transi-
tions of more commonly studied cholesterol and phospholipid raft
forming mixtures [33,34]. The work of Smaby et al. illustrates how a
careful analysis of pressure-area isotherms can identify deﬂections [35].
Unfortunately for the liquid–liquid miscibility transition no similar
general correlations have been found [36]. At pressures below 1.5 mN/
m, monolayers of the saturated phospholipid DPPC containing 25-OH
also exhibit a surprising molecular area expansion for concentrations
between 10 and 20 mol% [32]. This ﬁnding is consistent with the
previous observation that 25-OHand 27-hydroxycholesterol both cause
an expansion in the monolayer's molecular area when mixed with the
unsaturated phospholipids palmitoyloleoylphosphatidylcholine
(POPC) and dioleoylphosphatidylcholine (DOPC) [37,38]. A potential
explanation for the novel behavior of 25-OH is that the two hydroxyl
groups at the opposite ends of the steroid ring structure anchor the
sterol ﬂat at the air–water interface for low pressures. During
compression these molecules orient themselves upright in the
monolayer resulting in the observed pressure-area isotherm disconti-
nuity. The phase behavior of cholesterol analogs offers a tool to probe
the relationship between sterol structure and mixing/demixing transi-
tions. Additionally, sterols are of biophysical interest in their own right.
For example, oxysterols have been linked to apoptosis in aortic smooth
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OH, suggests that biophysical properties as well as biochemical
properties may be responsible for the oxysterol-induced apoptosis [40].
The use of ﬂuorescence microscopy provides only one perspective
on Langmuir monolayers and analysis of data is best done in
complement with other experimental techniques. For example,
grazing incidence X-ray diffraction studies are used to characterize
the packing and orientation of thin surfactant layers and surface
potential studies monitor changes in molecular dipole moment
orientation. As an example, Möhwald and collaborators pioneered
the use of microscopy techniques in complement to X-ray studies
[12,19]. Several of the approaches and image processing tools
presented here can be applied to other experimental setups providing
direct visualizations of the Langmuir monolayer. We will brieﬂy
highlight interfacial rheology and Brewster Angle Microscopy (BAM)
as two complementary techniques which are currently capitalizing on
the same accessibility of high sensitivity digital camera and com-
puting resources.
Brewster Angle Microscopy is a technique which directly parallels
ﬂuorescence microscopy in characterization of the morphology and
phase behavior of the monolayer. In this technique images are formed
through the reﬂection of p-polarized light off of the monolayer at the
Brewster angle of the subphase (i.e. where the reﬂectivity goes to
zero) [41,42]. The contrast between coexisting phases in a Langmuir
monolayer is the result of changes in the index of refraction of the
surface. An attractive advantage of this technique is the ability to
image Langmuir monolayers without the use of ﬂuorescently labeled
probes. Quantitative approaches to image analysis have yielded a rich
range of information including the measurement of line tension
[43,44]. Additionally, Fernsler and Zasadzinski have recently de-
scribed an approach to extract surface concentration in Langmuir
monolayers from the grayscale pixel intensity values collected with
BAM [45]. Finally, Brewster Angle Microscopy, like polarized ﬂuores-
cence microscopy, provides a direct visualization technique which is
sensitive to molecular orientation within the Langmuir monolayer
studies [46,47].
Many rheological measurements in Langmuir monolayers also
capitalize on image processing routines and approaches. Several
experimental techniques and geometries exist for two dimensional
systems, but a key unifying feature is the need to track probes
(microspheres, needles, etc) through the Langmuir monolayer. In the
magnetic needle viscometer or interfacial shear rheometer themotion
of a small needle is directed using a magnetic ﬁeld [48,49], for a recent
review see [50]. The trajectory of a needle or other magnetized probe
through the Langmuir monolayer can then be analyzed to extract the
surface viscosity of the ﬁlm. A second approach to rheological
measurements within the monolayer is to mechanically perturb the
monolayer and observe the resulting two dimensional ﬂow [51].
Similar mechanical perturbations, observed with either BAM or
ﬂuorescence microscopy, can also be used to measure line tension
[43,44,52,123]. For a general review of both two and three
dimensional microrheology the reader is referred to Waigh [53].
1.1. Fluorescence microscopy in Langmuir monolayers
In what follows, we provide a brief description of ﬂuorescence
microscopy and related techniques in Langmuir monolayers. Contrast
between the phases arises as a result of uneven partitioning of a
ﬂuorescent probe doped into the monolayer in small quantities
(generally a fraction of a mole percent is used and a high sensitivity
camera is required to obtain quality images). If the system is in one
homogeneous phase, the ﬂuorescent probewill distribute itself evenly
through the monolayer and one will observe uniform ﬂuorescence.
However, when thermodynamic parameters dictate a phase separat-
ed system, the ﬂuorescent probe may then partition itself unevenly
through the membrane. The resulting contrast between the twoimages provides a direct visualization of themonolayer's morphology.
While initially developed to investigate phospholipid monolayers
phase behavior at the air–water interface, the technique has proven to
be a robust tool in the study of monolayer morphologies and phase
behavior at the oil–water interface [54–56], for self-assembled
polymer conjugated enzymes systems [57], for peptide–lipid systems
[58], and for lipid/block copolymer systems [59]. However, in many
cases the observation of phase separation may require the use of
additional experimental techniques such as the application of an
electric ﬁeld tomore clearly visualize domains [60]. Othermore subtle
aspects of monolayer phase behavior, like contrast inversion, have
only recently been observed and quantiﬁed [32,61]. For this reason,
some characterizations of morphology and phase behavior may
be regarded as qualitative. An early quantitative application of
ﬂuorescence microscopy was FRAP or Fluorescence Recovery After
Photobleaching [62]. Dietrich and colleagues demonstrated that a
simple ﬂuorescence microscope could be used effectively to measure
the diffusion coefﬁcients in supported lipid bilayers [63]. Earlier work
by Weis used a similar technique to illustrate qualitatively the
difference in diffusion rates between condensed and liquid-expanded
phases [31]. While several variations and geometries of this technique
exist, the fundamental idea is as follows: a small region of the
membrane is rapidly photo-bleached. A baseline image is then
acquired of the bleached spot and the surrounding region. As
ﬂuorescent probe molecules diffuse into the bleached region from
across the membrane images are acquired and the ﬂuorescence
intensity is monitored. Finally, an analysis of the ﬂuorescent proﬁle is
done to determine the rate at which the bleached region recovers. The
accessibility of image analysis tools contributes to the popularity of
FRAP as tool for both quantitative and qualitative characterizations
[64–66].
The increasing ease and availability of image processing tech-
niques are now enabling new and exciting lipid monolayer studies
based on ﬂuorescence microscopy. In our own work, the combination
of ﬂuorescence microscopy with custom image processing routines,
andModel Convolution Microscopy [67], has enabled us to extract the
line tension between coexisting phases of immiscible lipids [68], and
characterize sources of error in these estimates. In addition to
measuring line tension [15,69,70], others have used ﬂuorescence
microscopy to study critical behavior [13,71,72], thermodynamic
equilibrium in multi-component phase separated systems [23],
monolayer collapse [73], and two dimensional foams [74].
2. Experimental setup
Two experimental setups are commonly employed for ﬂuores-
cence microscopy studies of Langmuir monolayers, see Fig. 2. The
choice of setup depends on a variety of factors including ﬁnancial
resources and currently available instrumentation (upright or
inverted microscope, style of trough). In one setup, a Langmuir
trough is placed on an inverted epiﬂuorescence microscope and the
monolayer is imaged from below. Originally the microscope objective
was directly submerged below the air–water interface [28]. However,
as noted by Heyn et al., the constant exposure of the objective to the
buffers of the subphase proved to be a hindrance [75]. Further, by
incorporating the objective directly into the trough, it is impossible to
survey the entire area of the trough. Only domains passing by the
objective are observable; this can lead to problems of photobleaching
and the inability to characterize the entire monolayer. Today,
Langmuir troughs are commercially available which incorporate a
quartz or sapphire window to enable visualization of the monolayer
through the base of the trough which avoids some but not all of the
above problems.
The second style of experimental setup incorporates an upright
ﬂuorescence microscope over the Langmuir trough. This arrangement
was used by McConnell and colleagues in their studies of mixed
Fig. 2. Diagrams of experimental setups for ﬂuorescence microscopy studies of Langmuir monolayers. A long working distance objective is used to avoid contact with the interface.
A) Upright geometry with monolayer illuminated from above. B) Inverted geometry with monolayer illuminated from below using a window inset into the bottom of the trough or a
submerged objective.
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scope and the trough are decoupled, it is possible to mount the trough
on an xy translation stage and investigate the entire monolayer. A
disadvantage of this technique is that translational motion arises due
to air current drafts, an imperfectly sealed system, or motion of the xy
stage [75]. As we describe later in this review, translational motion
can be removed after acquisition during the post processing of images
by the use of tracking software.
In our lab, we have employed the use of an upright Olympus BX-
FLA ﬂuorescence microscope with a custom mount and long working
distance objective to allow for positioning above a Nima 612 Langmuir
trough (Coventry, England) [65,68]. Images are collected using a
Retiga EXi charged coupled device (CCD) through the Simple PCI
software platform. The frame rate is generally 20 frames per second.
Images were stored in an 8-bit multipage or stack TIFF ﬁle format. For
imaging we have found the ﬂuorescent probe Texas Red DPPE
(Invitrogen; Carlsbad, CA) to provide the best results. Unless
otherwise noted we include the ﬂuorescent probe into the monolayer
at 0.5 mol%.
Several experimental details are crucial in obtaining reliable
Langmuir monolayer data. Brown and Brockman provide an excellent
recent reviewof the Langmuirmonolayer techniques including sample
preparation, cleaning procedures, and acquisition and analysis of
monolayer isotherms [76]. We will brieﬂy highlight considerations
particularly important to ﬂuorescence microscopy studies. An impor-
tant caveat of using ﬂuorescence microscopy to image Langmuir
monolayers is that the dye concentration does not change the overall
behavior of the monolayer itself. In studies of mixed component lipid
systems a dye concentration in the range of 0.2 mol% to 2.0 mol% was
found to have little to no effect on the observed phase behavior of the
monolayer [3,77]. A second, and somewhat related, experimental
concern is the potential of oxidation and photochemical reactions
occurring over timewithin themonolayer [30,78]. Several approachesare employed to reduce the potential threat of oxidation including the
addition of a chemical agent to prevent oxidation within the
monolayer [15,79], experiments done rapidly [80], and the use of an
inert environment [32,61]. While all of these methods have proven to
be effective, careful and redundant checking of results is still crucial
[81]. We will discuss photo-oxidation and line tension measurements
in our discussion.
2.1. Image analysis and software tools
The translational motion of the domains within a monolayer
presents a difﬁculty for image analysis. Physical techniques can be
employed to reduce the translational motion of the monolayer.
Examples include using a small collar directly under the objective of
the microscope to reduce the ﬂow of the monolayer or isolating the
trough from its environment. These approaches, however, are not
always successful, and therefore it is important to develop software to
track domains in real time [68]. The tracking of objects is certainly not
a new topic or area of research. However, features of the translational
motion of monolayer domains make it particularly feasible to
automate the domain tracking process in comparison to other systems
like migrating cells. In lipid monolayers, the dominant motion of a
domain usually arises from a drift of the entire monolayer past
the microscope objective. This motion is nearly identical for all
domains imaged, see Fig. 3. Other factors which make the automatic
tracking of monolayer domains tenable are the relative stability of
domain shape and the fact that domains rarely exchange position
with each other.
Over the past fewyearswehave developed a recursive algorithm to
successively improve on the tracking of multiple domains from digital
monolayer movies. Brieﬂy, our procedure is as follows. Movies are
manually inspected to remove bad or blurred frames. After suitable
frames have been identiﬁed, we select a series of parameters and
Fig. 3. Illustration of recursive tracking routine. Original grayscale and thresholded images. Monolayer domains meeting the criteria for size, shape, and location, are identiﬁed
numerically within each frame. Dotted grey box indicates pair of domains which are misidentiﬁed in original tracking process due to translational motion. Translational motion and
the original identities are fed recursively back into the tracking algorithm, therefore, any misidentiﬁcation is resolved.
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of the domain, the minimum number of frames the domain must be
visible, the size of the domain, and the acceptable change in total area
of the domain. In order to identify domain boundaries automatically,
consistently, and avoid potential subjectivity introduced by the
experimenter, Otsu's thresholdingmethod is employed. Thresholding,
the simplest form of image segmentation, is a process of transforming
grayscale images into a binary format. In Otsu's method a normalized
intensity histogramof the grayscale image is generated. Otsu'smethod
is an iterative process searching through all intensity values and
selecting the threshold value t that minimizes the variance within the
object and background [82], model convolution studies described later
on illustrate the robustness of this approach. As a result, pixel values
above the calculated threshold are identiﬁed as objects while pixel
values below the threshold become the background. Researchers have
employed a variety of strategies to accomplish the segmentation
described above in Langmuir monolayers. These include the use of
interactive image processing to determine the boundary between
ceramide and sphingomyelin enriched domains [83,84]. A second
approach is to deﬁne the domain boundary to be where the transition
between low and high intensity pixels is the greatest, thereby taking
advantage of the grayscale pixel values [43].
Spatial noise, any objects less than 100 pixels in size, in each binary
frame is also removed. Each object in the binary frame is then tested
against the criterion of eccentricity and size. Suitable objects not in
contact with the frame border are then tagged with an individual
numerical identiﬁer. Remaining objects are discarded as unsuitable
domains. This process is then repeated for each frame of the movie. At
this point, experimentally acceptable domains have been identiﬁed
within each image but no relationships have been established across
the frames of the movie. If the physical parameters of interest were
inherently not dynamic in nature nor dependent on radii, we might
simply proceed to analyze the behavior of these images. However, in
our line tension studies we must observe individual domains over
time to monitor area constraints, and look for the potential effect of
photo-oxidation.
In order to isolate domain boundaries from translational motion,
we have developed an optimization algorithm. Domains are tracked
based on size, position, and the projected location throughout the
frames of a movie. Through the course of a typical movie ~90% of thedomains meeting the above criteria (size, position, etc.) are correctly
identiﬁed and labeled. The results of the optimization also identify
the overall translational motion of the monolayer. To eliminate
identiﬁcation errors, we apply our algorithm recursively. Both initial
results and the translational behavior are fed into the algorithm a
second and possibly third time. Finally, a movie is generated which
highlights themotion of each domain individually so that a researcher
can provide a ﬁnal human check on our tracking. We note that our
tracking routines ignore small dynamical errors resulting from the
motion of a domain during the exposure of an image. This is a
reasonable approach for line tension measurements and is reinforced
by the manual elimination of poor quality images described above.
For a discussion of static and dynamic errors in particle tracking the
reader is referred to [53,85].
Others have used a similar technique to simultaneous track
multiple regions of the lipid monolayer achieving spatial resolution
of 1/9 of a pixel [73]. All of the image processing described above can
take advantage of existing Matlab routines or other commercially
available software packages.
3. Line tension measurements in lipid monolayers
The observation of lipid monolayers near their mixing/demixing
transition reveals the dynamic behavior of domains and their
boundaries. Unlike the relatively static behavior of condensed or solid
domains, monolayer domainswithin phospholipid/cholesterol systems
often visibly undulate near the transition pressure and critical point. Our
work has focused on how the magnitude of these ﬂuctuations can be
directly related to the line tension between coexisting phases. To do this
we have applied capillary wave theory to the Fourier spectra of
boundary ﬂuctuations. One of the ﬁrst measurements of the Fourier
spectra of monolayer domain boundary ﬂuctuations was done by Seul
and Sammon in the early nineties [22,86]. More recently, ﬂicker
spectroscopy has been applied to monolayers and bilayers alike
[15,68,69] and many of these studies, including our work, capitalize
on the acquisition of a large numbers of domain conﬁgurations [15,68].
Similar to other ﬁrst reports, our capillary wave treatment neglected
electrostatics and found order of magnitude agreement with previous
studies [52,87]. More recently, Baumgart and colleagues have applied a
theory developed by Goldstein and Jackson to incorporate electrostatics
Fig. 4. Domain contour and equivalent radius. As noted previously, the average of radii
around a domain is not an appropriate choice for ro. Rather, the calculation of an
effective radius from total domain area is the correct approach. The treatment described
here is suitable for small perturbations of the domain boundary, i.e. when there are no
overhangs and r(φ) is a single valued function.
Adapted from [68].
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the simultaneous measurement of both dipole density differences as
well as line tension within a single experiment.
The motivation for these studies is the striking parallel between
the formation of lateral compositional heterogeneities in model lipid
membranes and the lipid raft hypothesis. The lipid raft hypothesis
argues microdomain inhomogeneities in the plasma cell membrane
are a crucial tool in the localization of proteins to carry out cellular
functions [88–91]. Extensive attention has focused on the coexistence
of liquid phases within model monolayer [2,92,93] and bilayer [94–
98] systems. In monolayer systems, the observed micron-scale
morphology can be the result of competing interactions between
line tension and long range electrostatic repulsion due to dipole
density differences, or alternatively stated long range dipole interac-
tions stabilize the phases [99]. Line tension is therefore an important
parameter when considering domain size and stability [100]. Line
tension measurements in monolayers also prove advantageous
because of their simpliﬁed planar geometry, and because the precise
control of composition and thermodynamic parameters is possible. It
is our hope that renewed interest in this subject will stimulate novel
applications of this characterization technique. Quantitative measure-
ments of line tension in monolayers may also provide insight into the
role of domain shape [101], impurities [30,78], domain nucleation
[102], electrostatics interactions [103], and enzyme–lipid interactions
[104] across two dimensional systems (monolayers, bilayers, sup-
ported lipid bilayers, etc.).
A recent theoretical treatment of phase separated lipid bilayers
by Akimov et al. assumes the membrane to be a continuous media
with line tension arising from differences in thickness between a
domain and its surroundings [105]. Microscopically, lipids in the
interfacial region deform to decrease the hydrophobic mismatch
[122]. That being said, fundamental questions about the origin of
line tension within Langmuir monolayers remain. Phase separation
in lipid monolayers presents subtle differences to the bilayer
system. Here, a deformation of the monolayer, at the air–water
interface, to reduce the hydrophobic mismatch is not obviously
required as the amphiphilic lipids are simultaneously in contact
with both.
3.1. Capillary wave theory
In two dimensions, the observed undulations of the domain contour
from circular equilibrium are the result of thermal ﬂuctuations.
Because these perturbations are directly visible using ﬂuorescence
microscopy, this technique lends itself to the use of image
processing. Here, we brieﬂy describe capillary wave theory and the
required image processing to measure line tensions. Readers inter-
ested in theoretical details may ﬁnd more extensive treatments
helpful [70,106–108].
The free energy of an interface between phases can be written as
F = γ∫dC; ð1Þ
where γ is the line tension and C is the contour path. For sufﬁciently
small ﬂuctuations, where r is a single valued function of the polar
angle φ (i.e. no overhangs), the radius can be expressed as a Fourier
series expansion around the equilibrium value ro, see Fig. 4.
rðφÞ = ro½1 + uðφÞ = ro½1 + ∑
∞
n=1
ðan cosðnφÞ + bn sinðnφÞÞ: ð2Þ
Here an and bn are the canonical Fourier coefﬁcients. Note that the
appropriate choice of ro is the equivalent radius calculated from ameasurement of domain area (ro=A/π)1/2 rather than the average
radius [69,106,107,109]. Similarly, the contour can be expressed as
C = ∫2π0 rdϕ +
1
2ro
∫2π0
∂r
∂ϕ
 2
dφ: ð3Þ
Applying the constraint that the area within the domain contour is
constant and combining Eqs. (2) and (3) we can write
C = ∫dC ≅ 2πro +
πro
2
∑
∞
n=2
ðn2−1Þða2n + b2nÞ: ð4Þ
The perturbation in shape represented by the Fourier series is a
result of excess energy above the minimum circular conﬁguration of a
non-ﬂuctuating domain. Inserting Eq. (4) into Eq. (1) we ﬁnd
ΔF = F−2πroγ =
πroγ
2
∑
∞
n=2
ðn2−1Þða2n + b2nÞ ð5Þ
for the free energy of the system. The equipartition theorem states
that kBT of energy is stored in a ﬂuctuating mode. Applying the
equipartition theorem we ﬁnally arrive at an expression for the line
tension in terms of temperature and the average values for the Fourier
coefﬁcients, given by
〈a2n〉 + 〈b
2
n〉 =
2kBT
πroγ
1
n2−1
 
: ð6Þ
To extend this theory for the case of competing line tension and
electrostatic interactions Goldstein and Jackson [70] have replaced the
relatively straightforward dependence on mode number
〈a2n〉 + 〈b
2
n〉 =
2kBT
πroγβn
ð7Þ
with
βn = 1−
1
2
NB ln
8ro
eh
  
ðn2−1Þ−1
4
NBð1−4n2Þ∑
n
j=2
1
2j−1; ð8Þ
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dipolar forces to surface energy (i.e. line tension). Note also that here
µ is the dipole density difference and h is the height of the domain (in
our work taken to be 1 nm).
Coupling the theoretical treatment above with the identiﬁcation
and isolation of individual domains frommulti-domain images, we are
now able to implement a technique for measuring the line tension. To
extract the domain boundary from the tracked data ﬁles, we ﬁrst crop
the selected domain from the raw grayscale image and threshold it
using Otsu's method. This provides us with a threshold local to a
particular domain, and eliminates potential difﬁculties caused by an
uneven illumination across the monolayer. Any identiﬁed partial
nearest neighbor domains are removed from the binary image and
holes due to small domains within the selected domain are ﬁlled. The
domain of interest is then re-centered with its center of mass at the
origin, the boundary of the domain is identiﬁed, and stored as x and y
coordinates. Pixel position is converted into nanometers and the
Fourier coefﬁcients are directly calculated. One can then plot the
Fourier coefﬁcients as a function of mode number, and determine the
line tension using a least square ﬁt to Eq. (6) — ignoring electrostatic
interactions as a ﬁrst approximation. Experimental values are within
an order of magnitude of the previous measurements in similar
systems [15,68]. This is not to say that electrostatic interactions are not
important. For example in the system of dilauroylphosphatidylcholine
(DLPC) and cholesterol 70:30we havemeasured the line tension using
both approaches and found a non-electrostatic treatment under-
estimates the line tension by asmuch as a factor of 4 (0.5 pN vs. 1.7 pN
1 mN/m below the transition of 15.5 mN/m [110].
In the case of electrostatics, i.e. using Eq. (8), a naïve two parameter
least squares ﬁt does not work well, and we follow the treatment of
Baumgart and colleagues to determine the electrostaticﬁt [15]. Brieﬂy,
we calculate βn/β2 which is equal to 〈a22〉 + 〈b
2
2〉= 〈a
2
n〉 + 〈b
2
n〉: This
reduces the system to a one parameter ﬁt for the Bond number NB. A
weighted non-linear least squares ﬁt is then performed to ﬁnd NB.
From this, we directly insert NB to evaluate βn, and another one
parameter ﬁt to ﬁnd the line tension γ can be done. Values for the
dipole density difference can be calculated from NB. As described by
Heinrich et al., higher order modes often do not meet the criteria for
the critical Bond number and therefore the equipartition theorem is
not justiﬁable [15]. In general, weﬁndmode numbers greater thanﬁve
to be deﬁcient.
3.2. Model Convolution Microscopy
An early example of the use of computer simulation in the study of
domain boundaries was carried out by Möhwald et al., in these ex-
periments the time evolution of Langmuir monolayers was compared
with computer simulations to illustrate the transition from compact
to dendritic structures [55]. Many theoretical and computational
approaches to study domain formation and relaxation in monolayers
and bilayers, provide a set of coordinates which represent either
molecule positions or contours of the interfaces. In order to make a
fair comparison between theoretical predictions and experiments,
one approach would be to feed experimentally observed shapes into
the simulations and monitor their evolution [43]. Many of these
experimental observations, however, utilize ﬂuorescence microscopy
which measures the intensity emitted by a distribution of molecules
labeled by ﬂuorophores. A natural consequence of this technique is
that everything is viewed through an aperture, and due to diffraction,
the point spread function (PSF) of light will inﬂuence the observa-
tions. In addition to objects appearing much bigger than they actually
are, the images are usually contaminated with noise from the
detector, and the optical aberration from the microscope. In order to
simulate these effects, data from theory or simulations can be
convolved with the characteristics of the microscope system, a
method called Model Convolution Microscopy [67]. This method hasbeen successfully used in the study of protein dynamics [67,111] and
spindle microtubule dynamics in yeast [112], analysis of microtubule
curvature [113] in living cells, as well as studies of line tension in lipid
bilayers [69]. In the following we outline this approach, demonstrate
how it can be used to create realistic images of monolayer domains,
and provide guidance in the evaluation of analysis routines.
Capillary wave theory can be used in the simulation to generate
domains with a given line tension. Here, for simplicity, we ignore
electrostatic interactions and assume that the Fourier spectrum of
ﬂuctuations of a monolayer domain can be represented by Eq. (6).
Note that, this approach can easily be generalized to include elec-
trostatic interactions. Given a line tension, temperature and a domain
radius, the variances of the Fourier coefﬁcients can be calculated for
each k value. Assuming the mean values for ak and bk are zero, one can
then generate Gaussian distributed ak and bk values with these
variances, and perform the sum in Eq. (2) to generate contours that
have the given line tension. Here, we have used a temperature of
300 K and domain radii from 3 to 13μm to generate domains with 0.1,
0.5 and 1.0 pN line tension values.
Once a conﬁguration is generated, it is then placed on a grid with a
spacing much smaller than the actual pixel size of the microscope
system. This is to make sure that there is minimal loss of accuracy due
to discretization (pixelation) effects (see the inset to Fig. 5(A)). The
interior region of the domain is then ﬁlled – as shown in Fig. 5(A) for a
domain with a line tension value of 0.1 pN – assuming that all the
points inside the domain act as a light source. In reality, this may not
be the case, and only a certain fraction of the lipid molecules inside a
domain may be labeled with ﬂuorophores. One can either estimate
the fraction of the labeled sites and reduce the number of pixels that
act as a light source, or correct for this effect after the convolution is
done by adjusting the average intensity levels. Here we follow the
latter approach so that our simulated images are in good agreement
with actual data.
The PSF can be calculated theoretically given the properties of the
imaging system. Alternatively, it can be experimentally measured by
using small diameter beads, i.e. 100 nm, that act as point sources. For
details of the procedure the reader is referred to the work of Spraque
et al. [67]. Experimental measurement of the PSF has many
advantages. For instance, effects of lens aberrations and other optical
effects are included naturally [114]. One major drawback though is
that the resolution of the PSFwould be limited by the resolution in the
imaging system. If one uses a theoretical PSF, the discretization of the
PSF can be chosen as small as possible. Here we use the theoretical PSF
given by the Airy function
I = j2J1ðρÞρ j2 ð9Þ
where ρ = 2πNAλ r:NA is the numerical aperture, r is the radial distance
from the origin and λ is the wavelength of light. The PSF plotted in one
dimension as a function of the radial position is shown in Fig. 5(B),
together with its density plot in two dimensions. Note that the PSF is
discretized at the samepixel resolution – 10 nm – as theﬁlled contours
shown in Fig. 5(A). Thenext step is the convolutionof the source image
shown in Fig. 5(B) with the PSF. The convolution operation essentially
projects out the ﬂuorescence intensity centered at each pixel element,
and the contributions fromneighboringpixel locations are summedup
to give the ﬁnal ﬂuorescence intensity value. The resulting image is
shown in Fig. 5(C).
The ﬁnal step is the adjustment of themean and standard deviation
of the signal to experimental values. This can be done by normalizing
the image intensity and readjusting the average intensity in both the
interior and exterior of the domains to match the experimentally
measured ﬂuorescence intensities. The mean and standard deviation
of the background signal can easily be obtained by processing several
rectangular regions from the image. Once the standard deviation is
Fig. 5. Illustration of the model convolution approach. A) Raw conﬁgurations are generated using capillary wave theory for two dimensional domains, ignoring electrostatic effects.
As shown in the inset, this contour is placed on a ﬁne mesh grid. B) A point spread function appropriate to the experimental setup is calculated and discretized on the same grid.
C) The point spread function is convolved with the image. Noise mean and standard deviation are measured from real data sets (shown in the inset). D) Noise is added to produce a
realistic image, which is then coarse-grained to the experimental setup's pixel size. The resulting image can then be analyzed identically to data acquired experimentally.
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to the image to match the noise level observed experimentally. The
ﬁnal pixel size of the image is determined by the magniﬁcation and
numerical aperture (NA) of the microscope system. Here we use a
pixel size of 200 nmwhich corresponds to our experimental setup. The
image pixels are then coarse-grained into these larger pixel areas,
producing the ﬁnal image shown in Fig. 5(D).
The simulated images can be used to evaluate the analysis routines
described earlier. For instance, in our experimental analysis, Otsu's
method is used for the thresholding of images. We evaluatedthe accuracy and robustness of this method by using different
thresholding values, namely 20% above and below the default levels
of the method, on the simulated images and calculating the line
tension. The results for different line tension values are tabulated in
Fig. 6. As can be seen from the table, Otsu's method does a reasonable
job in ﬁnding the domain boundary and the measured line tension
values differ by a few percent from the predictions. Given the amount
of variability in the process, we can conclude that Otsu's method is
suitable for these domains. Other thresholding methods can be tested
in a similar fashion.
Fig. 6. Model convolved image is shown together with a table of calculated line tensions at different choices of the threshold level. The upper right quadrant is highlighted and
enlarged to show the differences in thresholding scheme more clearly. The solid, dashed and dotted lines show the normal, 20% below and 20% above thresholds, respectively.
1297B.L. Stottrup et al. / Biochimica et Biophysica Acta 1798 (2010) 1289–1300Another potential source of experimental uncertainty is image
blurring. A slight blurring can happen naturally in an experimental
setup due to shift in focus, translational motion of the monolayer, or
vibrations that might occur in stage during image acquisition. We
applied varying degrees of translational blurring to the simulated
images, and calculated the line tension values. Results are shown in
Fig. 7 and the accompanying tables. As expected, the increased blur
reduces the accuracy of the calculated line tension. An unexpected
ﬁnding of these tests was a validation of our choice in Otsu's method.
While Fig. 6 suggests that the choice of threshold is somewhatFig. 7. A translational blurring algorithm applied to model convolved images at four differen
accompanying table.arbitrary, we observed the uncertainty in line tension rapidly
increases for other threshold choices. While no blurring is desirable,
using model convolved images enables us to estimate the amount of
tolerable blur in order to be able to get a reasonable value for the line
tension. Finally, another source of concern in using the capillary
spectrum is the potential for aliasing. Heinrich et al. address this
concern by selecting a maximum mode value in the Fourier
spectrum which eliminates this effect [15]. Model Convolution
Microscopy can provide a complementary check on the validity of
this approach.t levels. The corresponding line tensions calculated using these images are shown in the
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The image processing techniques to extract line tension described
above are only one way researchers are capitalizing on the depth of
information captured by static images andmovies. In the remainder of
this manuscript we highlight other studies currently using image
analysis to study Langmuir monolayers. In the past two decades, a
number of studies have focused on the study of the critical behavior in
lipid systems. Benvegnu and McConnell measured the critical
exponents in the transition, and found good agreement with the
theoretically predicted values [15,52]. Keller and McConnell used a
Fourier transform on acquired images to measure the widths of the
stripe phase region in a binary mixture of cholesterol and DMPC [14].
The agreement in theoretical scaling between stripewidth and surface
pressure approaching the critical point has been interpreted as
evidence for the equilibrium behavior of such binary mixtures.
Impressively, similar measurements of width were made manually
ﬁfteen years earlier without the beneﬁt of a Fourier transform or other
image processing tools [31]. Parallel to this work in lipid monolayers,
studies of model giant unilamellar vesicles have examined line
tension and correlation lengths in phase separated mixtures of
phospholipids and cholesterol [69,81]. In particular, Veatch et al.
have demonstrated the critical behavior observed in simple compo-
nent monolayer and bilayer model systems is also observable in
vesicles directly extracted from the plasma membrane [72]. Supple-
mentary materials from this work also provide a detailed description
of geometrical corrections necessary when treating pixelated images
of three dimensional vesicles [72]. It has been suggested that the
critical behavior in these systems may bridge the gap between the
macroscopic phase separation observed in model lipid systems and
themuch smaller compositional inhomogeneities responsible for lipid
rafts in the plasma cell membrane [71]. This ﬁnding in vesicles
extracted from cell membranes echoes the ﬁndings of Discher et al. in
monolayers of calf lung surfactant [13]. In that work, they presented
evidence that neutral lipids, including cholesterol, induce behavior
similar to the critical behavior observed in binary mixtures of
phospholipids and cholesterol. Honerkamp-Smith et al. recently
provided an excellent introduction to critical behavior within the
context of lipid membrane systems [71].
Another relatively simple image processing tool used to charac-
terize phase separated Langmuir monolayers is to measure the size
distribution of the domains. In these studies, domainswithin an image
can be characterized using standard routines to measure size,
eccentricity, shape and location. For example, Israelachvili and col-
leagues observed the ripening of domains over the course of a long-
term ﬂuorescence microscopy experiment [23]. This experiment was
carried out in a specially designed trough setup to prevent the
deterioration of the monolayer domain sizes for over 60h. By
monitoring size distributions of monolayer domains an assessment
of the thermodynamic behavior of the monolayer was possible. Other,
theoretical approaches using domain size distribution have been
suggested to extract physical parameters including line tension and
dipole density differences, though not experimentally veriﬁed [115].
Similar image analysis techniques are also improving our under-
standing of phase behavior in condensed/liquid-expanded systems. A
recent study of Bernchou et al. has applied the use of Voronoi
diagrams to the nucleation and formation of solid domains in binary
mixtures of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
DPPC [116]. Perhaps more familiar to mathematicians, Voronoi
diagrams associate a cell of nearest neighbor points to a group of
randomly distributed points across a surface. In this study, a Voronoi
diagram was superimposed over the monolayer surface and the
nucleation of solid domains was analyzed. The collapse of condensed
monolayers is another area where image processing is useful. Gopal
et al. found that monolayer velocities can be used to identify
macroscopic jerks and collapse behavior within phospholipid mono-layers [73]. The resulting output is similar to a seismogram, and an
analysis of event frequencies reveals that events are uncorrelated and
follow a Poisson distribution. Again, both studies take advantage of
the large amounts of available image data in contemporary ﬂuores-
cence microscopy studies which most likely would have not been
feasible to obtain twenty years ago.
Finally, in addition to the development of quantitative image
analysis routines new ﬂuorescent lipid probes are also being devel-
oped which will provide researchers with an increasingly detailed
information about packing density and molecular ordering within the
monolayer with nanoscale resolution [117,118]. For example, newly
developed BODIPY ﬂuorophores incorporated into the monolayer
demonstrate a signiﬁcant increase in ﬂuorescence intensity upon
compression [117]. Similar intensity information, if available in
monolayer imaging, would add a new dimension to Langmuir mono-
layer ﬂuorescence studies.
5. Conclusion and outlook
The direct visualization provided by ﬂuorescence microscopy has
revealed the rich and complex world of two dimensional Langmuir
monolayers. As illustrated in this review, the increasing sophistication
and accessibility of image processing techniques provides an impor-
tant resource for researchers wishing to extract quantitative informa-
tion from these systems. As with the inception or popularity increase
of an experimental approach there are always differences between
research groups and systems which make it more difﬁcult to compare
results. The use of ﬂicker spectroscopy to measure line tension
between coexisting phases in two dimensions is likely at this stage
of development. Photo-oxidation is an experimental obstacle which
deserves particular attention as it has presented challenges for decades
to the mixing/demixing studies in lipid systems [30,78]. As noted by
Veatch et al., it is not surprising that small concentrations of impurities
can have an impact on the phase behavior of a system [119]. In
monolayer line tension measurements, detailed investigations have
noted a shift in γ over several seconds (~25s). It is likely that current
discrepancies between experimental results are in part due to the
effects of photo-oxidation. Similar challenges have been observed for
line tension measurements in lipid bilayers [69,81]. Future work to
understand the limitations of this technique is required to identify
regimes and appropriate applications of ﬂicker spectroscopy.
We have focused on monolayer line tension measurements which
do not require mechanical perturbation. One advantage of this
approach is the ability to measure line tensions well below 1 pN
[120]. Paradoxically this also presents a weakness of the technique,
when thermal ﬂuctuations are not sufﬁcient to perturb the domain
boundary as is the case far from the mixing/demixing transition
pressure (i.e. line tension is signiﬁcantly higher) ﬂicker spectroscopy
is not feasible. Fortunately, several other experimental approaches
exist tomeasure line tension within Langmuir monolayers and similar
interfacial systems. For example, recent studies of liquid crystal
multilayers at the air–water interface have measured line tensions at
tens and hundreds of picoNewtons [121]. The majority of these
techniques are based on observations of domain relaxation after a
perturbing force is applied to the monolayer. As with ﬂicker
microscopy, the increasing availability of imaging tools will likely
increase the interest and use of these techniques. For readers
interested in these monolayer techniques we suggest an early study
by Benvegnu and McConnell as a starting point [52] as well as the
work of Mann and coworkers among others [43,87,121]. For an
introduction to alternative methods to measure line tension within
lipid bilayers we suggest [120]. It is our hope that these different
image processing techniqueswill be developed, paying close attention
to limitations and measurement errors, tested using approaches like
Model Convolution Microscopy, and shared widely throughout the
scientiﬁc community.
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